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Abstract
A wide array of cross-coupling methods for the formation of C–C bonds from unactivated alkyl 
electrophiles have been described in recent years. In contrast, progress in the development of 
methods for the construction of C–heteroatom bonds has lagged; for example, there have been no 
reports of metal-catalyzed cross-couplings of unactivated secondary or tertiary alkyl halides with 
silicon nucleophiles to form C–Si bonds. In this study, we address this challenge, establishing that 
a simple, commercially available nickel catalyst (NiBr2·diglyme) can achieve couplings of alkyl 
bromides with nucleophilic silicon reagents under unusually mild conditions (e.g., −20 °C); 
especially noteworthy is our ability to employ unactivated tertiary alkyl halides as electrophilic 
coupling partners, which is still relatively uncommon in the field of cross-coupling chemistry. 
Stereochemical, relative-reactivity, and radical-trap studies are consistent with a homolytic 
pathway for C–X bond cleavage.
Graphical abstract
Organosilicon compounds play an important role not only in organic chemistry,1 but also in 
fields ranging from materials science2 to agrochemistry3 to medicinal chemistry.4 For 
example, in the pharmaceutical industry, the investigation of silicon analogues of known 
drugs, as well as of entirely new silicon-containing molecules, has become an active area of 
research.4
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Two of the most common methods for the synthesis of tetraorganosilanes, each of which has 
significant limitations, are outlined in Figures 1(a) and 1(b).5 In the case of the 
hydrosilylation of olefins (Figure 1(a)), issues of reactivity (e.g., hindered substrates) and 
regioselectivity (e.g., 1,2-disubstituted olefins) can present significant challenges.6,7 In the 
case of the coupling of an organic nucleophile with a silicon electrophile (Figure 1(b)),8 this 
approach has rarely proved to be effective for secondary or for tertiary alkylmetal 
reagents.9.10
In principle, the umpolung variant of Figure 1(b), i.e., the coupling of an alkyl electrophile 
with a silicon nucleophile (Figure 1(c)), could provide an attractive approach to the synthesis 
of tetraorganosilanes. In practice, however, progress has been rather limited. Indeed, to the 
best of our knowledge, catalyzed methods have been restricted to couplings of activated 
alkyl electrophiles (e.g., allylic, benzylic, and propargylic),11 with the exception of a single 
study that reports the cross-coupling of disilanes with methyl and ethyl (but not n-propyl) 
halides catalyzed either by palladium (up to 92% yield at 110 °C) or by nickel (up to 48% 
yield at 110 °C).12,13
During the past years, we have devoted considerable effort to the development of metal-
catalyzed cross-coupling reactions of alkyl electrophiles.14 Initially, we focused on the use 
of carbon nucleophiles to effect C–C bond formation, but recently we have turned our 
attention to the construction of C–heteroatom bonds. In 2012, we reported our first success 
in addressing this challenge, specifically, the coupling of alkyl halides with diboron 
compounds to generate alkylboranes (C–B bond formation).15,16 In the interim, we have 
continued to pursue the possibility that versatile methods can be developed for the 
construction of other C–X bonds, and we describe herein our progress with respect to C–Si 
bond formation. In particular, we establish that commercially available NiBr2·diglyme, 
without an added ligand, catalyzes the cross-coupling of an array of unactivated secondary 
and tertiary alkyl electrophiles with silicon nucleophiles under mild conditions (eq 1).
(1)
In initial studies, we applied the conditions that we had developed for the borylation of alkyl 
halides with pinB–Bpin (pin = pinacolato)15 to the corresponding silylation with pinB–
SiMe2Ph (eq 2). Unfortunately, we obtained only a trace of the desired alkylsilane (<1%). 
Furthermore, our attempts to increase the efficiency of C–Si bond formation with this 
reagent were unsuccessful.
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(2)
We therefore turned our attention to the use of other silicon nucleophiles, and we determined 
that a silylzinc halide17 can serve as a suitable coupling partner under the appropriate 
conditions (Table 1). Thus, in the presence of 2.0 mol% of NiBr2·diglyme, the cross-
coupling of an unactivated secondary alkyl bromide with ClZn–SiMe2Ph can be achieved in 
good yield under remarkably mild conditions (−20 °C, 84% yield; entry 1). ClZn–SiMe2Ph 
can be prepared via Li–SiMe2Ph using standard Schlenk techniques and, if desired, stored 
under nitrogen at −35 °C for at least one month without deterioration.
Essentially no C–Si bond formation is observed in the absence of the nickel catalyst (entry 
2). Under these conditions, the other silicon nucleophiles that we have examined are not 
useful coupling partners (e.g., entries 3 and 4), and an array of complexes of other transition 
metals do not serve as effective catalysts (entries 5–8).18 The use of a mixture of DMA and 
THF as the solvent is important (entry 9).19 If the cross-coupling is conducted with less 
catalyst or with less nucleophile, or at room temperature, there is a small deleterious effect 
on the yield (entries 10–12). The method is not highly air- or moisture-sensitive (entries 13 
and 14). This is the first nickel-catalyzed cross-coupling of alkyl electrophiles that we have 
developed that does not require an added ligand.
NiBr2·diglyme is an effective catalyst for the silylation of an array of unactivated secondary 
alkyl bromides at −20 °C (Table 2).20 Thus, C–Si bond formation proceeds in good yield 
with hindered (entries 2 and 3) and with functionalized (entries 4–10) electrophiles. The 
method is compatible not only with an ether, a carbamate, an aniline, a sulfonamide, an aryl 
chloride, and an ester, but also with heterocycles such as a furan and an indole; however, in a 
preliminary study, an electrophile that included a thiophene was not a useful coupling 
partner, nor was an unactivated secondary alkyl chloride or tosylate (<2% yield). On a gram 
scale, the cross-coupling illustrated in entry 1 of Table 2 proceeds in 81% yield in the 
presence of 1.0 mol% NiBr2·diglyme. Finally, we have determined that our standard 
conditions for the silylation of secondary alkyl bromides can also be applied to the silylation 
of a corresponding iodide (eq 3).21
(3)
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Although considerable progress has been described in recent years in the discovery of 
methods for the cross-coupling of unactivated secondary alkyl electrophiles, advances in the 
case of tertiary electrophiles have been rather limited.22 We were therefore pleased to 
determine that the simple standard conditions that we have developed for silylations of 
secondary alkyl bromides can be applied directly to tertiary bromides, with the only 
difference being the use of a higher catalyst loading (10 mol%; Table 3). Both acyclic 
(entries 1–3) and cyclic (entries 4–6) unactivated tertiary alkyl bromides serve as suitable 
cross-coupling partners. A preliminary attempt to silylate a tertiary alkyl iodide under the 
same conditions provided a promising result (eq 4).
(4)
Having established that the scope of this new C–Si bond-forming process is broad with 
respect to the electrophile, we shifted our focus to examining the use of other silicon 
nucleophiles. We have determined that, in the presence of 10 mol% NiBr2·diglyme, other 
silylating agents also serve as effective cross-coupling partners (eq 5).
(5)
Our working hypothesis is that C–Br bond cleavage in these silylation reactions proceeds 
through a radical intermediate, as for our previous nickel-catalyzed cross-couplings of 
unactivated alkyl halides to generate C–C and C–B bonds,15,23 and this suggestion is 
supported by our preliminary mechanistic studies. For example, exo- and endo-2-
bromonorbornane react to afford the same mixture of diastereomers (7:1 exo:endo; eq 6 and 
eq 7; at partial conversion, each alkyl bromide remains a single stereoisomer), consistent 
with a common intermediate in the two cross-couplings.
(6)
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(7)
We have examined the relative reactivity of alkyl bromides as a function of the level of 
substitution of the carbon that bears bromine (eq 8 and eq 9). If the stability of the radical is 
the dominant factor, then the anticipated ordering would be: tertiary > secondary > primary; 
if, on the other hand, steric effects are dominant, then the expected ordering would be: 
tertiary < secondary < primary. Through competition experiments, we have determined that 
more substituted alkyl bromides are more reactive, consistent with the generation of a 
radical intermediate in the C–X cleavage step.24 Furthermore, the addition of 2,2,6,6-
tetramethyl-1-piperidinyloxyl (TEMPO), which can rapidly trap alkyl radicals,25 inhibits C–
Si bond formation.26
(8)
(9)
In conclusion, we have described the first metal-catalyzed cross-coupling reactions of 
unactivated secondary and tertiary alkyl electrophiles to form C–Si bonds, thus expanding 
such nickel-catalyzed couplings beyond the construction of C–C and C–B bonds. With the 
aid of a simple, commercially available catalyst, both secondary and tertiary alkyl bromides 
react with silicon nucleophiles under unusually mild conditions (e.g., −20 °C) to furnish 
alkylsilanes in good yield; a variety of functional groups are compatible with the method. 
Stereochemical and reactivity studies are consistent with a radical pathway for C–X cleavage 
in this new bond-forming process. Additional efforts to expand the scope of metal-catalyzed 
coupling processes are underway.
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Figure 1. 
Three approaches to the synthesis of tetraorganosilanes.
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Table 1
Silylation of an Unactivated Secondary Alkyl Bromide: Effect of Reaction Parameters
entry variation from the “standard” conditions yield (%)a
1 none 84
2 no NiBr2·diglyme <1
3 Li–SiMe2Ph, instead of ClZn–SiMe2Ph   2
4 ClMg–SiMe2Ph, instead of ClZn–SiMe2Ph   1
5 FeCl2, instead of NiBr2·diglyme <1
6 CoCl2, instead of NiBr2·diglyme   2
7 CuBr·SMe2, instead of NiBr2·diglyme <1
8 Pd(MeCN)2Cl2, instead of NiBr2·diglyme <1
9 no DMA   1
10 0.5 mol% NiBr2·diglyme 60
11 1.1 equiv ClZn–SiMe2Ph 78
12 r.t., instead of −20 °C 73
13 under air in a closed vial 69
14 added H20 (2.0 equiv) 78
a
Yields were determined by GC analysis with the aid of a calibrated internal standard (average of two experiments).
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Table 2
Silylation of Unactivated Secondary Alkyl Bromides: Scope
entry substrate yield (%)a
1 79
2b 76
3b 68
4 61
5 74
6 76
7 78
8 65
9 75
10b 79
a
Yield of purified product (average of two experiments).
bCatalyst loading: 5.0 mol% NiBr2·diglyme.
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Table 3
Silylation of Unactivated Tertiary Alkyl Bromides: Scope
entry substrate yield (%)a
1 70
2 54
3 49
4 70
5 70
6b 74
a
Yield of purified product (average of two experiments).
bCatalyst loading: 2.0 mol% NiBr2·diglyme.
J Am Chem Soc. Author manuscript; available in PMC 2017 May 25.
